Experimental rheological aspects of colloidal dispersions are now being investigated with improved skills and with better defined model systems. New methods allow more detailed investigations. The relationship between the rheological macroproperties, microproperties and processes is the focus of the most recent investigations. Better insight has been gained concerning this relationship.
Introduction
Over the past decade, the rheological aspects of colloidal dispersions have become better mapped out, due to the development of model dispersions, improved rheological techniques, adequate modeling and the application of nonrheological techniques to investigate microstructures and processes. The general program to study the relationship between the rheological macroproperties, the microproperties and processes, faces numerous parameters which can influence the rheological behavior. At the particle level, the size and volume fraction <l > are the first to be considered, and a lot of work has been done on nearly monodisperse spherical particles (say, with radius a). Polydispersity is a complicated factor of colloidal dispersions and investigations concerning this subject are few and far between. During recent years, the study of a few bidisperse systems have been reported [1,2,3-,4] . The inclusion of a shape distribution would complicate the studies very much. Unless stated otherwise, this review is restricted to nearly monodisperse spheres. The interparticle forces between particles are very important and the present review will be focussed along this line. In addition, there are thermodynamic force fields due to the position and orientation distribution of the particles and hydrodynamic forces are always present. The interplay of force fields and applied flow fields leads to microstructures and processes which can influence the rheological behavior drastically. The search for classification of microproperties and processes according to flow field strength is ongoing. Due to the fact that the type of flow field influences the microproperties and processes it is unfortunate that the This review is divided into two quite different regimes: near and far from equilibrium. It focuses on the literature of the past three years.
Near equilibrium
For small deformations, a colloidal dispersion displays linear viscoelastic behavior. This behavior can be represented by the complex shear modulus G-as a function of the applied oscillatory angular frequency 00, or alternatively by. the complex viscosity TI-defined by G-=iWll-, with i 2=-1. In a sufficiently weak steady shear flow (the rate of shear y -to) the following relationship holds TI(Y -to) =TI' (w-tO) between the steady state viscosity and the real part of the complex viscosity. The basic question is still how these quantities vary with the parameters mentioned in the introduction with the search generally seeking simple scaling rules. A classical question is what the relationship is between the viscosity TI' for w-tO or W-tCQ and an equilibrium quantity such as a diffusion coefficient.
Hard spheres
Two competing systems are models for hard spheres (i.e, no interparticle force except for an infinite repulsion at contact). The first contains silica spheres either srerically stabilized by octadecyl alcohol chains grafted to the surface in cyclohexane, or simply index matched in ethylene glycol/glycerol. The second contains poly methyl methacrylate (Pl\IMA) spheres stabilized with -a grafted layer of poly-12-hydroxy stearic acid (PHSA) dispersed in decaline/retraline.
The linear viscoelastic behavior is only mapped our for silica particles [5, 6] . In several respects the observed behavior is equivalent to older work [7, 8] Most interesting is a caurious claim in [11-] that data from a dispersion of PMMA/PHSA spheres may represent the hard sphere curve for low shear viscosities as a function of volume fractions up to 0.5. These data differ from those of silica spheres and would seriously affect the interpretations in [9, 10, 12] . The hardness of the spheres is mainly based on a comparison of the osmotic pressure with the Carnahan-Stirling equation. Considerable effort has been devoted to the determination of the volume fraction from the freezing transition, yielding an interaction volume fraction in contrast to the hydrodynamic volume fraction determined in [5] [6] [7] [8] and also in a related paper [13] .
Comparison of the PMMA and silica viscosities shows that there is agreement for l1(i'~O) up to~=0.4 and for 11(i'~oo) up to~=0.6 and only disagreement for 11(i'~O) between $=0.4 and 0.5 (PMMA/PHSA higher). Thus simple explanations of systematic errors in the 4> determination or polydispersity do not suffice. It is puzzling that the PMMA/PHSA particles are also known to behave as more or less soft particles [1, 14] . After rescaling of the volume fraction to obtain an effective hard sphere diameter (in a certain way the softness of the surface is taken into account), the viscosity curves in [14] are closer to (bur higher than) the PMMA/PHSA curves of [11-] than to those of the silica particles. Again, the difference is obvious for 11(i'~O) between~=0.4 and 0.5. It will take some time to sort our the differences so the question of what the 'real' low shear viscosity for hard spheres is yet to be answered.
For the PMMA hard sphere dispersions also the long time diffusion coefficient D describing structural relaxation has been measured with dynamic light scattering [15] . The correlation Do/D(~) =11(i'~O)/110 was found to hold up to ¢ =0.5. For the long time self-diffusion coefficient DL the correlation DoIDd4» =cll(i'~O)/6110 was deduced with c varying from 6 to 4 with increasing <l> up to 0.5 [15] . The first correlation is not understood. The latter is interpreted in terms of change from stick to slip boundary condition of the effective medium at the surface of a single particle.
Repulsive spheres

Electrostatic
Electrostatically repulsive spheres order at sufficiently low electrolyte concentration and sufficiently high volume fraction, otherwise remaining as a single disordered phase or a two phase system.
The linear viscoelastic behavior of colloidal crystals is still a subject of study. Usually, latices are the model [4,16,17-,18] , bur charged, stabilized silica spheres [19, 20] are interesting as well. In the ordered state G' is constant over many decades of frequency. A low frequency transition in G", a hollow curve at the high frequency side approaching rollo, shows that the constancy of G' does not necessarily indicate solid behavior [17-,19] although the meaning is still unresolved. Modeling with the proper expression ofG' unifies all experimental data in one master curve, and shows that in almost all cases G' is independent of the surface charge density [16] .
\Vhen G' is constant, it is often related to a nonlinear quantity: a dynamic yield stress. which is observed at low rates of shear. The ratio ./G' is approximately constant and has a magnitude of a few hundredths. This ratio is related to the critical shear at which nonlinearity occurs, and also to the Lindemann factor for melting. The magnitude and the interpretation of the ratio depends on the definition of • and derailed studies [18] show its intricacies.
At sufficiently high electrolyte and/or low volume concentration the ordering breaks down. This takes place in a narrow regime of these parameters as can be seen in a phase diagram shown in [17-] . Then a Newtonian plateau appears at low rates of shear and at low frequencies.
When the volume fraction is corrected for the influence of the electrical double layer, the behavior of an electrostatically stabilized dispersion of charged spheres at high electrolyte is similar to that of hard spheres [2] .
It is suggested in' [2] that the normalized long time self-diffusion coefficient DL equals the inverse normalized viscosity at low shear rates for spheres smaller than 100 nm. ,.
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10°. ..,.:-'..,... A careful study of this relationship carried out in [20] does not support the equality, though a relationship between T\(Y-70) and D L is explicable in terms of the contribution of the continuous phase and the other particles to the friction coefficient of one particle moving in a dispersion. as was also done later in [15] for hard spheres.
Hairy
There is an increasing interest for (soft) hairy, sterically stabilized particles. Hairy particles can be made by adsorption or grafting of longer molecules to the surfaces of particles. When they are short and densely packed and dispersed in the proper solvent they behave similar to hard particles. When the hairs are longer and/or they are less densely packed, effects of deformability and interactions of ,hairs' can be expected. The layer thickness L, compared to the radius a of the core and the core ep Experimentally, the state of art is simply to map out the rheological behavior as models are scarce. Recently, theory has addressed a few aspects of the influence of interaction ( [24] ; SL Elliott, WB Russel, XIIth International Congress on Rheology, Quebec, Canada, 18-23 August 1996) which might allow more pointed questions to be addressed. The most interesting phenomena occur when the cj > is so high that the brushes touch and begin to interpenetrate each other. As they hinder each other sterically, interpenetration may depend on time scale and flow history (]vIH Buijnink, PA Nommensen, tvIHG Duits, 0 van den Ende, J Mellema, unpublished data). At high concentration, interpenetration cannot be avoided and a temporary network arises generating plateaus in G' at relatively low frequencies.
Attractive spheres
Without special precautions, colloidal spheres generally attract each other by Van der Waals forces. Silica spheres covered with octadecyl chains behave as hard spheres in benzene at sufficiently high temperature, but are adhesive at lower temperature [25] . Also, in decalin or tetradecane octadecyl silica particles are attractive [26-] . By adsorption of surfactants to the surface of latices, the depth of the Van der Waals potential can be reduced. With these spheres, a reversible aggregating dispersion can be made [27] [28] [29] , but attraction can also be induced between hard spheres by adding polymers (depletion flocculation) to the continuous phase of a hard sphere dispersion [30] . Such spheres then form aggregates that can lead to a space filling network.
The sticky silica spheres at low temperature [25] clearly show a divergence in the longest relaxation time in the linear viscoelastic response. The temperature at which this occurs was identified as a transition from a fluid to a gel or solid state. The adhesive hard sphere diagram, represented in terms of the Baxter interaction parameter (a dimensionless temperature) and the volume fraction has a percolation transition in the vicinity of this sol-gel transition. The corresponding zero frequency viscosity could not be measured with the same apparatus.
Some progress has been made on the understanding of the power law dependence on the volume fraction of the zero rate of shear viscosity and the shear modulus at high frequencies for a space filling network of aggregating'spheres [27] [28] [29] . The classical paper of Kantor and Webman [31] , predicting the network elasticity for singly connected centrally interacting spheres was based on bending elasticity between spheres, which is absent for centrally interacting spheres. With multiply connected chains, it was possible [27] to introduce bending elasticity in chains of centrally interacting spheres. Further, a network theory with kinetics for stiffness changes, was applied to provide the temporality of the network. The crowning piece of a complete model was the assumption that aggregates and chains can be characterized with geometrical parameters of a self-similar structure [29] . Theory and experiments concerning ll(Y~O} and G'(O)~oo} corroborate each other, though the shortcoming in the model is that the frequency dependence of G" was poor. An obvious extension of the model with a distribution of chain thicknesses repairs this and obtains fair agreement with experiments [30] .
At volume fractions beyond 0.3, the assumption of self similar structure begins to fail as clusters then contain only a few particles. Nevertheless, for higher cj > similar power law behavior persists for G' [26-] . The kinetics of growth of G' after a certain shear history and the limit of nonlinearity was also monitored [26-] . The most interesting result is that G' is correlated with the cj > at the gel point: the threshold cj > at which an infinite cluster is formed. The observed proportionality agrees with the predictions for percolation networks. This interesting experimental paper makes clear that the structural background of elasticity over the whole cj > range is worth further study.
Noteworthy is the claim that critical enhancement of the shear viscosity has been observed for depletion flocculating colloidal dispersions [32-) . Measurements have been performed in the one-phase region approaching the spinodal along a dilution line, where the concentration ratio of colloid/polymer, and the interaction between the particles, are constant. The divergence of the low shear viscosity is as strong as the divergence of the correlation length.
Rods
Colloidal rods have been synthesized recently [33] from boehmite needles by precipitating silica on the surface and subsequently grafting with stearyl alcohol. The needles are dispersed in cyclohexane. They have no significant charge and are rigid. The intrinsic viscosity of this isotropic dispersion of rods is in agreement with the theoretical value for a dilute hard rod dispersion, but the volume fraction dependence of the viscosity does not. This is probably due to weak short range interactions that cause separation of layers on the time scale of months. This work, however, gives hope that we are closer to obtaining a model dispersion of hard rigid rods.
Far from equilibrium
In practice, the most important flow behavior is at finite rate of shear. The common study of the viscosity as a function of rate of shear is not simple because it is often influenced by its' flow history, and it also may take time to reach a steady state. The fact that the viscosity often differs at each rate of shear implies that the microprocesses in the fluid depend on the rate of shear. The microprocesses in flow are determined by properties of the constituents and the structures formed. The central question is how the viscosity depends on the rate of shear and how this can be explained in terms of microproperties and processes. The same holds for other rheological quantities. The trend is to complement direct rheological measurements with other experimental methods that probe the microstructure. Thus one is less dependent on ad hoc modeling, apart from the inspiring information from numerical simulations. As microscopic processes and structures are the basic topics, this last part of the review will introduce the more recent literature, via a few phenomena and concepts, on microprocesses and structures. Obviously, in this short article, we cannot do justice to the rich detail found in many of the papers.
Shear thinning
The most commonly observed phenomenon is that the viscosity decreases with increasing rate of shear. The long term goal to unravel what happens at the micro-level, can be approached along several lines. For dispersions, a new line is to split up stress into the part due to hydrodynamics ('viscous' part) and that due to thermodynamic forces ('elastic' part), and to relate their relative contribution to microstructure. The application of superimposed oscillations onto a steady shear is also new for dispersions.
(Nearly) hard spheres
Nearly hard sphere silica particles demonstrate that a stress-optical relationship also exists for dispersion [34] . This offers the possibility of distinguishing between the hydrodynamic and the thermodynamic parts of the stress tensor, as the latter is proportional to the 45' flow dichroism n"45', The particles, silica particles coated with (3-trimethoxy silylpropy1)-methacrylate suspended in near index matched solvent may exhibit weak surface electrostatic interactions at high volume fractions [3, 34] . With this technique, it could be demonstrated that the hydrodynamic part of the viscosity stays almost constant in the shear thinning regime while the thermodynamic part falls down dramatically from being dominant at the lowest shear rate to almost negligible at the highest shear rate before shear thickening begins.
Similar behavior was found for other nearly hard spheres in suspension: PMMA sterically stabilized with PHSA [35-] . The elastic and viscous parts were measured by another newly developed technique [36] utilizing cessation of steady shear. Immediately after cessation of flow the hydrodynamic stress disappears and the elastic stress is retained. The only problem is how fast one can measure the retained stress requiring extrapolation to zero time of cessation. The results are equivalent to those deduced by the stress optical law technique. The latter was complemented [34J by neutron scattering experiments showing that increasing shear rate in the shear thinning regime prior to the shear thickening produced no long range ordering. The cautious conclusion might be that the constancy of the hydrodynamic part of the viscosity correlates with a disordered particle distribution. The total, elastic-like and viscous-like stress components as a function of shear rate determined with the stress jump method. The particles were charged spheres highly deionized. Reproduced with permission from [361.
Repulsive spheres
Electrostatic
Many studies have been conducted for electrostatically stabilized particles [17-,18,19,36-41] mostly highly deionized to give order at rest.
At relatively low salt concentration and not too high cj > charged colloids may still disorder, but with a high viscosity at low shear rates. The understanding of the shear thinning behavior in these systems is an important issue for engineering purposes. Shear thinning, described in terms of an underlying microscopic activation process model, is the theme in [40] . The shear rate and cj > dependence can be fairly well described as can the influence of diameter and surface potential.
Basically the same issue was addressed as part of a broader investigation on ordering latices [17-J, that also considered disorder caused by flow, via the formalism of transient network theory. The latter could only be tested indirectly.
Colloidal crystals under shear show a rich spectrum of phenomena shown in [18] through a nonequilibrium 'phase' diagram. The structural order depends on the Peeler number and <:> of latices at a certain electrolyte concentration. Rheology with small angle neutron scattering provided this information, as one highlight in a series of recent studies [18, [37] [38] [39] . The richness of the experimental work is hard to summarize and can only be properly appreciated by careful study.
The flow of electrostatically stabilized aqueous silica dispersions (41) can also be divided in certain regimes related to microprocesses, though different from latices. What is stressed in this study is the occurrence of wall or internal slip layers for Peeler numbers smaller than one along with the role of osmotic pressure (41).
The usefulness of a polarizing microscope was demonstrated in another study of charged silica spheres (19). Between crossed polarizers, multiple Bragg scattering identifies crystalline pieces making shear melting nicely visible. In the cuvette configuration, coexistence of polycrystalline regions and sliding layers with less long range order was observed. The picture emerges that at sufficiently high shear rates, ordered domains move in a matrix of disordered fluid. Such as model describes the shear thinning of colloidal crystals in shear flow [17" ] replacing the subtle ordering changes at low shear rates observed in (18) with shear rates in thin layers between ordered domains. At higher shear rates, the amount of disordered fluid grows at the cost of the ordered domains. This model works quite well. A new method for dispersions has been developed to superimpose oscillations orthogonally onto a steady shear flow. Thus one probes the structural changes by the determination of G 4 at a certain shear rate (42) . This method was used to probe ordering domains flowing in disordered material and corroborates the microstructural picture proposed in [17" ).
Application of the stress jump method to ordered crystals under shear flow (36) reveals that both the viscous part and the elastic part of the viscosity decrease with shear rate. The elastic part dominates at low shear and the viscous part at high shear rates. As the viscous part changes drastically (a factor of 200 over more than three decades of rate of shear) the structure apparently changes a lot. It is doubtful that such an effect can be explained by subtle changes in crystal structure during flow, as observed in (18).
Hairy
The hairy particles have already been mentioned previously in this review [1, [21] [22] [23] . They exhibit flow curves similar to those for hard spheres, at low cj>. At concentrations where the hairs can interact with each other, an apparent yield stress-like behavior appears at low rates. It is possible to determine the viscosity at high rates of shear. This high shear rate viscosity was calculated in (24) from a model for particles bearing hairy surface layers. There is some agreement between this modelingand the experiments. It is clear, however, that more experiments are necessary for the testing of the models.
Attractive particles
Aggregating dispersions have strong shear thinning behavior as well. Polystyrene latex particles with surfactant adsorbed onto their surfaces aggregate due to Van der Waals attraction [27] . Sterically stabilized silica particles in dispersion aggregate due to depletion flocculation when polymers are added to the continuous phase [30, 43) . The flow curves can be explained quite well [29, 30, 43) with the following model. The at-rest space filling network is assumed to be composed of aggregates with a self-similar structure; the aggregates are conceived as impermeable spheres. The size of a sphere in flow is determined by a breakup criterion that balances the strength of an aggregate against the average hydrodynamic force exerted at the outside of the aggregate. Interaggregate forces are taken into account by a transient network theory. The success of this modeling led to its application in the description of compaction during flow [43] and the sedimentation (and hydrodynamic diffusion) of aggregates in a Couette flow (44) . Structural changes during flow have been probed by superimposed oscillation onto the shear flow [30] .
Bidisperse system
The most important paper on bidisperse colloidal dispersions is [1], supported by others (2,3",4] . Replacing a minor amount of large PJ\Ii\IA particles by smaller PMi\IA particles, keeping the total ¢ constant has a large influence on the viscosity, contrary to the other way around. This is explained by the deformability of the Pi\Ii\IA particles yielding a procedure to calculate the limiting viscosities for low and high shear for monodisperse systems.
Shear thickening
Shear thickening is defined as the increase of the viscosity with the increase of rate of shear. In recent literature, it has been reported for electrostatically stabilized spheres [1,6,18,37-39,45"] , sterically stabilized spheres [3",46] and sticky spheres [47] .
The scaling of the onset of thickening is not yet clarified but systematic variation of the volume fraction, size of the particles and the interaction between the particles, is forming a picture. The additional help of nonrheological methods provides information on possible pertaining microstructures.
(Nearly) hard spheres For the nearly index matched silica particles used in (6] for the study of linear viscoelastic behavior, the nonlinear behavior demonstrated continuous shear thickening. To probe the structure before and during shear thickening, nonlinear stress relaxation and viscosity growth and decay functions were studied. Though some considered these systems to be hard sphere systems in (6] a short ranged electrostatic interaction had to be assumed to explain certain experimental data. An interpretation balancing Brownian diffusion and hydrodynamic forces suggested an onset of thickening at a rate of shear of approximately the inverse of the weight-averaged relaxation time in the linear regime, thus it depended on a-3 • The thinning behavior below thickening is attributed to a fairly insensitive anisotropy of the' particle distribution, and not to flow-induced order. The relaxation of the viscosity decay function in the thickening regime might be in keeping with cluster formation.
Cluster formation as the origin of shear thickening is the focus of other work [3-] exploiting the stress-optical relationship [34] . The particles that were used were silica particles coated with (3-trimethoxysilylpropyl)-methacrylate suspended in near index matching solvent.
The investigations in [3-] mainly focus on rather abrupt shear thickening. It is shown that in the shear thickening regime the stress is predominantly hydrodynamic and that the turbidity is strongly increasing. The interpretation of these observations is that hydroclusters are formed. Neutron scattering provides no evidence for crystalline, oriented polycrystalline or string-like phases before shear thickening. The onset of thickening is related to the ratio of the Brownian force and the lubrication force based on the effective viscosity of the whole dispersion. Thus, the critical stress for onset is proportional to a- 3 . Sterically stabilized particles studied in [46] corroborate the conclusion of the foregoing study for abrupt shear thickening, that the onset of thickening correlates with a critical shear stress. The experiments could not clarify whether there was a-2 or a-3 dependence. It emphasizes that the shear thickening of these sterically stabilized particles is intimately related to~e nature of the particle surface.
Repulsive spheres
The electrostatically stabilized.latex particles in [18, [37] [38] [39] at relatively low electrolyte concentrations (ordering at higher 4»0.38), displayed thickening only at higher (4)>0.4-0.5) volume concentration and at shear rates where ordering is degraded. The strength of the shear thickening approaching 4> =0.6 was such that irreversible flocculation occurred. The interpretation of the onset of thickening is derived from a balance of stresses. Here one balances a typical elastic stress and a typical lubrication stress. As the first is chosen to be proportional to the shear modulus at rest, the radius dependence of the critical shear rate is not a simple power dependence of radius a. For a similar system, the influence of gap size and shear history was investigated [38] . Usually, clustering is believed to occur at the onset of shear thickening. Abrupt thickening is argued, on the basis of experiments with different gap sizes, to arise from a jamming together of clusters to a spanning cluster. It would also explain erratic stresses observed for this kind of shear thickening.
Another light has been shed [45-] on the microstructure in the shear thickening regime by small angle neutron scattering on an electrostatically stabilized acrylic latex dispersion. Upon flow cessation, a rnetacrystalline state developed from the disordered shear-thickened state. It is suggested that the apparently disordered shear thickened state contains a high degree of latent order.
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More information on the system and the experiment is needed to evaluate its meaning.
Attractive spheres
The thickening behavior of aggregating particles [47] is less often studied. Spherical silica, coated with stearyl alcohol dispersed in benzene becomes attractive at low temperature. Experiments conducted around the gel point (47) nicely show a variety of rather abrupt changes. Weak shear thickening is observed for low rates of shear close to the gelation line and below. Light scattering indicates the formation of large, elongated structures, parallel to the flow direction. The average size become larger when the attraction between particles becomes stronger. At higher shear rates the structures are broken down.
Conclusions
l\Iethodologically three new developments have been reported. A stress-optical law and a stress jump method allow determination of the thermodynamic part of the stress. Oscillation' superimposed onto a steady shear flow permit probing of structural changes during flow.
The question concerning a standard for hard spheres is raised again by work on Pl\Il\IA/PHSA spheres, which at least at higher concentration, behave as deformable weakly repulsive spheres, and also by work on index matched silica spheres. They challenge the older work on sterically stabilized silica spheres.
For repulsive spheres that order at low electrolyte concentration understanding of G' seems more or less complete.
Systematic work on hairy particles is now emerging and the first modeling is reported.
The elasticity of aggregating spheres shows interesting differences in behavior but a unified picture is not available. The interpretation of the flow of aggregates with self-similar structures has been quite successful.
A model for shear thinning based on a microscopic activation process model seems to work for electrostatically repulsive spheres. The flow of ordered colloids is investigated in great detail and a sequence of microscopic changes with increasing rate of shear is proposed. In the shear thinning regime, prior to shear thickening, long range order of string or layers is not necessarily present.
Shear thickening is distinguished as strong and weak thickening with strong meaning that the flow is more or less blocked. Convincing evidence has now been given for the occurrence of clusters formed by hydrodynamic forces in the case of strong thickening. The scaling of the onset of thickening is still subject of research.
On the whole, it is clear that our understanding of the rheology of colloids has improved.
